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Abstract 
 
The waratah, Telopea speciosissma and its hybrids with other Telopea species, is an 
Australian native species grown for domestic and export cut flower markets. The showy 
floral bracts surrounding the inflorescence often suffer from bract browning, reducing 
the market value and export potential of the blooms. Prior to this project, the 
physiological cause of the disorder was not known, although bract browning had been 
attributed to water stress, heat stress, high light (particularly after frost), wind and 
mechanical damage. Bract browning was reportedly minimised when waratahs were 
grown in shaded conditions, although the reduction in browning by shade had not been 
quantified. The aim of this project was to examine the physiological cause of the bract 
browning disorder and investigate methods for control.  
 
The appearance, timing, and severity of the bract browning disorder was initially 
characterised by dissecting waratah buds from commercial growers throughout NSW. 
Bract browning became evident in the six to eight weeks prior to harvest, coinciding 
with rapid bract and flower expansion. A survey of commercial waratah growers, 
initiated by NSW Agriculture and the Waratah Industry Network and analysed by the 
author, corroborated these results. The survey showed that bract browning was observed 
in all years between 1999 and 2003, with relatively high severity (scores from three to 
five out of a possible five) in three of those years. Scores or counts of brown bracts 
were used to assess the severity of the disorder, the latter including the number of 
senesced floral bracts following browning as a measure of browning severity. The 
position and timing of browning suggest light damage or localised calcium deficiency 
could play a role in the development of browning.  
 
The bract browning disorder was studied in further experiments on potted red waratahs 
of cultivars ‘Fire and Brimstone’, ‘Olympic Flame’ and ‘Sunflare’ at the Mount Annan 
Botanic Garden; on commercially grown ‘Wirrimbirra White’ waratahs at Jervis Bay; 
and on natural populations in the Royal National Park.  The effect of calcium nutrition 
on bract browning was studied at Mount Annan in 2001 and 2002, testing the 
hypothesis that browning may be caused by a localised calcium deficiency similar to 
lettuce tipburn or poinsettia bract necrosis. Waratah bracts had significantly less 
calcium in all fractions than leaves, with the procedure of Ferguson et al. (1980) used to 
separate physiologically active, oxalate associated and residual calcium. Calcium 
chloride sprays applied to developing bracts increased total bract calcium by about 25% 
in ‘Sunflare’ and ‘Olympic Flame’ cultivars, but not in ‘Fire and Brimstone’. However, 
application of calcium as a spray to the developing bracts, or as gypsum to the potting 
medium did not significantly reduce bract browning scores. These results and the 
development of bract browning in exposed, rather than enclosed tissue, suggest that 
factors other than calcium are involved in the development of bract browning.  
 
The light environment (full sun or 50% shade cloth) had a greater effect than irrigation 
frequency on bract browning of ‘Sunflare’ and ‘Olympic Flame’ waratahs in 2001. 
Waratahs grown under 50% shade cloth showed less bract browning at flower maturity 
than waratahs grown in full sun. This result was corroborated by subsequent 
experiments in 2002 and 2003. For example, in 2002, shade cloth reduced browning and 
bract loss by 30-60% at flower maturity, compared to waratahs grown in full sun. 
Shading waratahs from bud initiation in late summer (December-January) or bud 
opening in late winter (July-August) was equally effective in reducing browning. Shade 
cloth (50%) significantly reduced the light intensity experienced by waratah plants 
throughout the day, as well as reducing the daily maximum temperature and minimum 
relative humidity. Natural shade conditions at the Royal National Park effectively 
prevented browning of floral bracts, although the smaller basal bracts still turned brown 
and senesced.  
 
The development of bract browning as waratahs matured was linked to the development 
of chronic photoinhibition, measured as a decrease in predawn photosynthetic efficiency 
using chlorophyll fluorescence techniques. Waratah bracts were unable to maintain 
efficient photosynthesis in full sun conditions and reached saturation of non-
photochemical quenching at lower light intensities than leaves. This suggests that bract 
tissue is adapted to a lower light environment than leaf tissue. Outer bracts had a 
significantly lower photosynthetic efficiency (Fv/Fm) than leaves early in flower 
development, as they were exposed to the environment for a prolonged period. Outer 
bracts also began to senesce towards flower maturity, particularly in full sun, increasing 
their susceptibility to damage. Inner waratah bracts were able to maintain a high 
photosynthetic efficiency prior to exposure, but photosynthetic efficiency decreased 
significantly at the intermediate stage of floral development, as inner bracts were no 
longer protected by outer bracts. Waratah leaves were more resilient than bracts, and did 
not suffer from chronic photoinhibition or browning during flower development. The 
increased susceptibility of bracts to photoinhibition and browning parallels results in 
other species, such as Dendrobium, where floral tissue experiences photoinhibition, 
bleaching and necrosis at lower light intensities than leaf tissue.  
 
Bracts on shaded waratahs maintained higher chlorophyll, carotenoid and anthocyanin 
concentrations than sun-exposed bracts, giving more intense flower colour and higher 
quality blooms. The significant decrease in bract pigmentation in the sun is likely to be 
a result of pigment destruction following photoinhibition, and has been noted in 
susceptible tissues of other species, such as Illicium (star anise) leaves. The presence of 
anthocyanins did not reduce bract browning in waratahs, with the concentration of UV-
absorbing compounds showing a stronger positive correlation with protection from 
photoinhibition than the concentration of anthocyanins. However, anthocyanin 
concentrations were significantly lower in sun-exposed bracts, and brown compounds 
appeared to replace anthocyanins in the epidermal cells of brown bracts.  
 
Thus, it seems likely that browning in waratah bracts is the visible manifestation of 
oxidative damage to cell components, following chronic photoinhibition. Light-induced 
oxidative damage can lead to yellowing and pigment bleaching, lipid peroxidation, the 
development of necrotic lesions and senescence. However, lipid peroxidation as 
measured by the malionaldehyde assay gave no indication of oxidative damage to 
waratah bract tissue. This was probably due to the presence of anthocyanins and other 
flavonoids and sugars other than sucrose in bract tissue interfering with the 
colourimetric measurement of thiobarbituric acid reactive substances.  
 
The extensive planting of waratahs in NSW in the last five years suggests that the total 
value of lost production due to bract browning is likely to increase in the future. The 
browning disorder may also prevent the establishment of waratahs in other markets, as 
international cut-flower markets demand high quality blooms free from blemishes. The 
results of this study show that bract browning, photoinhibition and pigment loss are 
minimised by protecting waratahs from high light intensities from bud opening until 
harvest. However, the consequences of shading waratahs throughout the year require 
further investigation, as does the use of different percentages of shade cloth or other 
methods to reduce incident light.   
Table of contents 
 
Acknowledgement  i 
 
Certificate of originality iii 
 
Abstract iv 
 
Table of contents vii 
 
List of tables xiii 
 
List of figures xvi 
 
Chapter 1: Introduction       
 1 
 
Chapter 2: General literature review       
2.1 Waratah production in Australia      4 
 2.2 Waratah flower initiation and development     8 
 2.3 Differences between bracts and leaves      10 
 2.4 Bract browning in waratahs       12 
 2.5 Browning in other crops       13 
  2.5.1  Protea leaf blackening      13 
  2.5.2  Poinsettia bract necrosis      14 
`  2.5.3  Tipburn of lettuce and other leafy vegetables   15 
  2.5.4  Sun damage and browning of fruit     17 
  2.5.5  Grapevine blackleaf      19 
  2.5.6  Bleaching and necrosis of leaf and floral tissue   20 
 2.6 Conclusion         23 
 
Chapter 3: Background to the bract browning problem 
 3.1 Introduction         25 
3.1.1 Background to symptoms, timing and cause of bract browning  25 
3.1.2 Describing the severity of physiological browning disorders  26 
 3.2 Development of bract browning       27 
3.2.1  Aim        27 
  3.2.2  Methods        27 
  3.2.3  Results        33 
3.3 Market surveys        40 
3.3.1 Aim        40 
3.3.2 Methods        40 
3.3.3 Results        40 
3.4 Discussion         41 
3.4.1 Bract browning of waratahs in the cut-flower market   41 
3.4.2 Potential causes of bract browning     42 
  
Chapter 4: Effect of calcium treatments on bract browning  
 4.1 Introduction         44 
4.1.1 The process of tipburn and bract necrosis and its relationship to               
calcium        44 
4.1.2 Why do plants need calcium?     46 
4.1.3 How much calcium do plants need?     48 
4.1.4 Is there enough calcium in soil to meet plant needs?   49 
4.1.5 How does calcium enter the plant and where does it go?  50 
4.1.6 Is it possible to increase calcium in plants to reduce tipburn?  51 
4.1.7 Analysis of calcium concentration in plant tissues   53 
4.2 Effect of calcium treatments on calcium concentration and bract browning of  
waratahs grown in full sun        54 
 4.2.1  Aim        54 
4.2.2 Methods        54 
4.2.2.1 Study site – Mount Annan Botanic Garden   54 
4.2.2.2 Field methods      58 
4.2.2.3 Laboratory methods     59 
4.2.2.4 Statistical methods     59 
4.2.3 Results        63 
4.2.3.1 Comparison of enclosed and exposed bract tissue  63 
4.2.3.2 Comparison of enclosed bract and leaf tissue  65 
4.2.3.3 Effect of calcium treatments on bract browning scores 68 
4.3 Effect of calcium sprays on bract browning of waratah under shade   72 
4.3.1 Aim        72 
4.3.2 Methods        72 
4.3.3 Results        72 
4.4 Discussion         73 
 4.4.1  Effect of calcium treatments on bract browning in waratahs  73 
4.4.2 Calcium concentration in leaves, exposed and enclosed bracts  74 
4.4.3 Differences in calcium concentration between cultivars  76 
4.4.4 Effect of treatments on calcium concentration of bracts and leaves 76 
4.4.5 Techniques for assessing calcium concentration   78 
4.4.6 Application of calcium treatments     79 
4.4.7 Could nutrient sprays other than calcium work?   81 
4.4.8 Environmental factors influencing browning and burn  81 
4.5 Conclusions         83 
 
Chapter 5: Light environment (shade/sun) effects on browning  
 5.1 Introduction         85 
  5.1.1  Assessing the light environment of waratahs    85 
5.1.2 Altering the light environment using shade cloth   86 
5.2 Describing the natural light environment and bract browning of waratahs in the  
Royal National Park        88 
5.2.1 Study site – Royal National Park      88 
5.2.2 Methods        92 
6.2.2.1 Measurements of the natural light environment  92 
6.2.2.2 Bract browning in the natural environment in 2003  92 
5.2.3 Results        93 
 5.2.3.1 Measurements of the natural light environment  93 
 5.2.3.2 Bract browning in the natural environment in 2003  95 
5.3 Light intensity and irrigation frequency effects on bract browning at Mount Annan  97 
5.3.1 Light intensity measurements at Mount Annan   97 
5.3.1.1a Methods       97 
5.3.1.2a Results       98 
5.3.2 Cultivar, irrigation and light environment experiments in 2001  99 
5.3.2.1a Methods       99 
5.3.2.2a Results of sun/shade experiment, with weekly irrigation only 100 
5.3.2.2b Result of sun/shade and irrigation experiment  101 
5.3.3 Light environment effects on bract browning at Mount Annan in 2002 104 
 5.3.3.1  Methods       104 
 5.3.3.2 Results       106 
5.3.4  Cultivar and light environment effects on bract browning at Mount  
Annan in 2003       108 
5.3.4.1 Methods       108 
5.3.4.2 Results       108 
5.4 Light environment effects on bract browning at Jervis Bay in 2002 and 2003  112 
5.4.1 Study site – Jervis Bay      112 
5.4.2 Methods        113 
5.4.3 Results        114 
5.4.3.1 Bract browning in 2002     114 
5.4.3.2 Bract browning in 2003     115 
5.5 Discussion         116 
5.5.1  Effects of natural and artificial shade on light intensity and  
microclimate       116 
5.5.1.1 Effect of shade cloth on light intensity, light quality and  
microclimate of cultivated waratahs   116 
5.5.1.2  Characterising the natural light environment of waratahs 117 
5.5.2 Bract browning and the natural light environment   119 
5.5.3 Bract browning of cultivated waratahs    120 
5.5.3.1 Light and irrigation frequency effects   120 
5.5.3.2 Sun and shade effects      121 
5.5.3.3 Time of shade application     123 
5.5.3.4 Cultivar differences in bract browning   124 
5.6 Conclusions         125 
 
Chapter 6: Light environment (shade/sun) effects on photoinhibition 
 6.1 Introduction         127 
6.1.1 Waratah bracts may be susceptible to light damage (photoinhibition) 127 
6.1.2 What happens to absorbed light? What is photoinhibition?  128 
6.1.3 Factors other than high light increase photoinhibition and necrosis 132 
6.1.3.1 Temperature      132 
6.1.3.2 Water stress      135 
6.1.3.3 Nutrition      136 
6.1.4 How can photoinhibition be measured? The principles of fluorescence 
measurement       137 
6.2 Background to chlorophyll fluorescence measurements    141 
6.2.1 Comparison of optical properties of leaves and bracts   141 
6.2.1.1 Aim       141 
6.2.1.2 Methods       142 
6.2.1.3 Results       143 
6.2.2 Relationship between functional PSII and Fv/Fm in waratah bracts 146 
6.2.2.1 Aim       146 
6.2.2.2 General methods      146 
6.2.2a  Experiment 6.2.2a     148 
6.2.2b   Experiment 6.2.2b     148 
6.2.2.3 Results       149 
6.3 Does chronic photoinhibition occur in waratahs? Is it reduced by shading?  151 
 6.3.1 Study sites       151 
6.3.2 General methods       152 
6.3.3 Quantum yield measurements at Mount Annan 2002   153 
6.3.3.1 Method       153 
6.3.3.2 Results       154 
6.3.4 Quantum yield measurements at Jervis Bay 2002   157 
6.3.4.1 Method       157 
6.3.4.2 Results       157 
6.3.5 Quantum yield measurements at Mount Annan 2003   159 
6.3.5.1 Method       159 
6.3.5.2 Results       160 
6.4 Imaging-PAM fluorescence measurements of Fo, Fm and quantum yield (Fv/Fm) 166 
6.4.1 Method        166 
6.4.2 Results        167 
6.5 Do quantum yield and dynamic photoinhibition vary in leaves and bracts grown  
under different light conditions?      172 
6.5.1 The principles of fluorescence measurement (continued)  172 
6.5.2 Diurnal measurements of effective quantum yield and NPQ  174 
6.5.2.1 Method       174 
6.5.2.2 Results       174 
6.5.3 Yield and quenching responses of leaves and bracts at steady state 
photosynthesis       181 
6.5.3.1 Methods       181 
6.5.3.2 Results       182 
6.5.4 Yield and quenching responses of leaves and bracts (PAM- 2000 
measurements)       185 
6.5.4.1 Methods       185 
6.5.4.2 Results       185 
6.5.5 Variability in yield and quenching responses of leaves and bracts        
(Imaging-PAM fluorescence measurements)    188 
6.5.5.1 Method       188 
6.5.5.2 Results       188 
6.6 Discussion         194 
6.6.1 Shade can reduce photoinhibition in waratah bracts   194 
6.6.2 Differences in optical properties and photoinhibition of waratah bracts         
and leaves       195 
6.6.2.1 Optical properties     196 
6.6.2.2 Photosynthetic efficiency and photoinhibition  197 
6.6.3 Linking changes in quantum yield (Fv/Fm) to its components of  
minimum (Fo) and maximum (Fm) fluorescence yield  200 
6.6.4 Effective quantum yield and non-photochemical quenching during  
the day        202 
6.6.5 Effective quantum yield, non-photochemical (qN) and photochemical 
(qP) quenching to determine light intensities for likely damage  204 
6.6.6 Damage and repair to PSII      206 
6.6.7 Fluorescence measurement techniques for waratah tissues  207 
6.6.7.1 Relationship between Fv/Fm and functional PSII  207 
6.6.7.2 Fluorescence techniques     208 
6.6.7.3 Variability in bract fluorescence measurements  209 
6.7 Conclusions from photoinhibition studies      210 
  
Chapter 7: Light environment (shade/sun) effects on pigmentation 
 7.1 Introduction         212 
7.1.1 Chlorophyll a and b      212 
7.1.2 Carotenoids including xanthophylls     213 
7.1.3 Loss of chlorophyll and carotenoids    213 
7.1.4 Anthocyanins and other flavonoids – added protection?  214 
7.1.5 Function of anthocyanins      214 
7.2 Pigment concentration of waratah bracts from commercially grown cultivars in 2001 216 
7.2.1 Methods        216 
7.2.2 Results        218 
7.3 Pigment concentration of bracts and leaves of red and white waratah cultivars  
during flower development and naturally occurring waratahs at flower maturity 223 
7.3.1 Methods        223 
7.3.1.1 Methods in 2002      223 
7.3.1.2 Methods in 2003      225 
7.3.2 Results        227 
7.3.2.1 Combined results for all cultivars and sites   227 
7.3.2.2 Results for ‘Fire and Brimstone’ waratahs at Mount Annan 
in 2002       231 
7.3.2.3 Results for ‘Wirrimbirra White’waratahs at Jervis Bay in  
2002       234 
7.3.2.4 Results for ‘Fire and Brimstone’ waratahs at Mount Annan 
in 2003       236 
7.3.2.5 Results for ‘Olympic Flame’ waratahs at Mount Annan 
in 2003       238 
7.3.2.6 Results of cultivar comparisons at Mount Annan in 2003 240 
7.4 Location of anthocyanins and brown compounds using light microscopy  241 
7.4.1 Methods        241 
7.4.2 Results        242 
7.5 Discussion         245 
7.5.1 Differences in pigmentation of sun, early and late shade tissues 245 
7.5.2 Changes in bract pigmentation during development   249 
7.5.3 Differences in leaf and bract pigmentation    250 
7.5.4 Differences in pigmentation between cultivars   253 
7.5.5 Differences in pigmentation due to environment (site and year effects) 254 
7.5.6 Location of anthocyanins and brown compounds in bracts  259 
7.6 Conclusions         258 
 
Chapter 8: Relationship between browning, photoinhibition and pigmentation  
8.1 Introduction         260 
8.1.1  Chlorophylls, carotenoids and susceptibility to photoinhibition  260 
8.1.2 Anthocyanins, flavonoids and susceptibility to photoinhibition  261 
8.1.3 Pigmentation, photoinhibition and bract browning   262 
8.2 Correlations between browning, photoinhibition and pigmentation   263 
8.2.1 Statistical analysis      263 
8.2.2 Relationship between photoinhibition, pigmentation and browning at  
Mount Annan       264 
8.2.3 Relationship between photoinhibition, pigmentation and browning at  
Jervis Bay        268 
8.3 Conclusion         270 
 
Chapter 9: Light environment (shade/sun) effects on lipid peroxidation 
 9.1 Introduction         271 
9.1.1 How does photooxidative damage occur?    271 
9.1.2 Assessing oxidative damage using the malionaldehyde assay  273 
9.2 Methods         274 
9.3 Results         276 
9.4 Discussion         281 
9.4.1 Results based on MDA calculations    281 
9.4.2 Lipid peroxidation measurements in waratah tissue   284 
9.4.3 Other methods of assessing oxidative damage   285 
9.5 Conclusions         286 
 
Chapter 10: General discussion and conclusions 
 10.1 Cause of bract browning in waratahs      288 
 10.2 Effect of shade on waratahs       289 
  10.2.1 Wind         289 
  10.2.2  Inflorescence numbers      290 
 10.3 Pigmentation and bract browning in waratahs     292 
10.3.1 Chloroplast structure      292 
10.3.2 Anthocyanins and UV-absorbing compounds   293 
10.3.3 Manipulating bract colour      295 
10.4 Recommendations        297 
 10.4.1  Examine photoinhibition and browning responses of a wider range of  
  cultivars        297 
10.4.2 Examine effect of visible and UV light on browning and  
photoinhibition       298 
10.4.3 Examine chloroplast organization and identify cellular events leading  
to bract browning       299 
10.4.4 Examine wider range of environmental stressors linked to  
photoinhibition and browning     301 
  10.4.5 Quantify economic impact of shading    302 
  10.4.6  Application of results to browning events in other crops  303 
10.5 Conclusions         304 
 
References          306 
 
Appendices          324 
 A1 Grower surveys of waratah bract browning     324 
 A2  Analysis of calcium treatment effects on bract browning score   336 
 A3  Light intensity measurements at Mount Annan    337 
 A4  Photoinhibition measurements      338 
 A5  Lipid peroxidation measurements      347 
  
 
 
